Gram-positive bacteria divide by forming a thick cross wall. How the thickness of 26 this septal wall is controlled is unknown. In this type of bacteria the key cell division 27 protein, FtsZ, is anchored to the cell membrane by SepF. We have isolated SepF 28 homologues from different bacterial species and found that they all polymerize into 29 large protein rings with diameters varying from 19 to 41 nm. Interestingly, these 30 values correlated well with the thickness of their septa. By constructing different 31
Introduction 39 40
The hallmark of Gram-positive bacteria is their thick cell wall composed of multiple 41 layers of peptidoglycan. They divide by synthesizing a crosswall in between the 42 newly formed daughter cells, and the thickness of this division septum approaches 43 that of the lateral cell wall. How Gram-positive bacteria regulate the thickness of 44 their cell wall and division septum is not known. We have investigated the latter 45 using the Gram-positive model organism Bacillus subtilis. 46
Bacterial cell division is accomplished by a complex multi-protein machinery 47 called the divisome. Assembly of the divisome begins with polymerization of the 48 tubulin homologue FtsZ at midcell into a ring-like configuration, the so called Z-49 ring (1). This structure forms a scaffold for the late cell division proteins 50 responsible for synthesis of the dividing septal wall (2). Several cell division 51 proteins support the formation of the Z-ring, and a key step is the anchoring of 52
FtsZ polymers to the cell membrane. This is achieved by the conserved peripheral 53 membrane proteins FtsA and SepF. Both proteins directly interact with FtsZ and 54 use an amphipathic α-helix to bind the cell membrane (6, 7). FtsA can be found in 55
both Gram-positive and Gram-negative bacteria, whereas SepF is widely 56 conserved in Gram-positive and Cyanobacteria, but has no known homologue in 57
Gram-negatives (3, 4) . Several bacteria, such as B. subtilis, contain both 58 membrane anchors (5). Other proteins that stimulate Z-ring formation in B. subtilis 59 are the conserved protein ZapA, which links FtsZ polymers (8), and the 60 transmembrane protein EzrA that regulates FtsZ assembly (9). Once the Z-ring is 61 assembled, the late cell division proteins arrive. These transmembrane proteins 62 form a complex comprising the peptidoglycan glycosyltransferase FtsW (10), the 63 transpeptidase Pbp2B (11), and the bitopic transmembrane proteins FtsL, DivIC 64 and DivIB (12) . It is assumed that the latter three proteins regulate the assembly 65 of late cell division. However, for Gram-positive bacteria it is not yet clear how the 66 late proteins are recruited to the Z-ring. 67 B. subtilis can use either FtsA or SepF as anchor for the Z-ring, since only 68 one of them is required for Z-ring formation. However, the absence of SepF results 69 in highly deformed septa, which is not the case when FtsA is absent (4). This 70 indicates that SepF must have an additional function related to septum formation. 71
Curiously, purified B. subtilis SepF forms large ring structures with an inner 72 diameter of ~40 nm (5). Based on the crystal structure of SepF, these rings must 73 encompass at least 80 to 100 SepF molecules (5). In vitro, these protein rings are 74 able to bundle FtsZ polymers into very long microtubule-like structures with SepF 75 rings stacked perpendicularly to the FtsZ polymers (13). However, such 76 microtubular structures have never been observed in bacteria, and later studies 77 showed that the membrane-binding amphipathic α-helix of SepF is likely located 78 inside the ring, which seems to rule out ring formation in vivo (5). Interestingly, 79 the inner diameter of SepF rings is about the same size of the thickness of the 80 septal wall (43 nm). We wondered whether this relationship is relevant, and if so, 81
whether SepF rings might actually control the thickness of division septa. To 82 examine this, we purified SepF from different Gram-positive bacteria and found 83 that these proteins form large protein rings as well. Importantly, also in these 84 organisms there seems to be a correlation between SepF ring diameter and septum 85 thickness. As a final proof we expressed SepF chimeras with smaller diameters in 86 B. subtilis. Indeed, this reduced the thickness of septa. These results provide 87 strong evidence that Gram-positive bacteria regulate the thickness of their septal 88 wall by the strong curvature of SepF polymers at the leading edge of nascent septa. 89
It also indicates that the intrinsic form of a protein polymer can function as a mold 90 5 that can shape a cell wall. 91 6 Results 92 93
SepF rings and tubules 94
Purified B. subtilis SepF forms large protein rings when observed with transmission 95 electron microscopy (TEM) using negative staining with uranyl acetate (5). Since 96 high concentrations of this salt might influence the behavior of SepF and possibly 97 stimulates this ring formation, we first examined whether the protein can form 98 rings under more physiological conditions using atomic force microscopy (AFM). It 99 appeared that under these conditions purified B. subtilis SepF also forms rings with 100 diameters of about 40 nm ( Fig. 1 ). Rings were 2 to 4 nm high (Fig. 1C , D), which 101 corresponds to a single or double molecule stacking, since the crystal packing has 102
shown that SepF polymers can be 1.5 or 2.6 nm wide, depending on the orientation 103 of SepF dimers (5). 104
Previously, SepF was purified as a maltose-binding protein (MBP) fusion 105 followed by proteolytic cleavage and removal of MBP using ion-exchange 106 chromatography (5, 13). We noticed that after cleavage, SepF precipitates, 107 possibly due to the presence of calcium in the digestion buffer. After resuspension 108 in calcium-free buffer, SepF formed stacks and tubules with diameters 109 corresponding to that of SepF rings when observed by TEM ( Fig. 1E ). After ion-110 exchange chromatography only rings are found ( Fig. 1F ). These findings, together 111 with the AFM data, show that the circular polymerization of B. subtilis SepF is a 112 robust feature that likely also occurs in vivo. 113 114
SepF from other species 115
To determine whether ring formation is a conserved feature of SepF, we purified 116 the protein from different organisms. Bacillus cereus is an important food-spoiling 7 bacterium (14, 15) and the causative agent of rainforest anthrax (16-18) and was 118 chosen as close relative of B. subtilis. We further selected Clostridium perfringens, 119
Mycobacterium tuberculosis, and Streptococcus pneumoniae, all of which are 120 important human pathogens. S. pneumoniae differs from the rest since it forms 121 cocci instead of rods, and M. tuberculosis is one of the bacterial species that lack 122 an FtsA homologue. An amino acid sequence alignment of the different SepF 123 homologues is shown in Fig 
Membrane binding 131
A key property of B. subtilis SepF is its capacity to bind the cell membrane, which 132 is achieved by an N-terminal amphipathic α-helix (amino acids 1-13) (5). This N-133 terminal amphipathic helix is reasonably conserved in the different SepF variants 134 ( Fig. 2A , see Fig. S1 for helical wheel depictions), although the helices differ in 135 their hydrophobicity and hydrophobic moment ( Fig. S2 ). To confirm that the 136 different SepF molecules are able to bind to lipid membranes, the purified proteins 137 were mixed with liposomes. This caused a strong aggregation of liposomes, and 138 deformed them into small vesicles, as observed with high-resolution structured 139 illumination microscopy (SIM). One example, S. pneumoniae SepF, is presented in 140 SepF, spanning amino acids 57 to 151, is sufficient for the formation of rings (5). 166
Therefore, we assumed that this core domain determines ring diameter. To test 167 this, we replaced the conserved core domain of B. subtilis SepF with those of the 168
SepF proteins from the other species, maintaining the first 67 and last 13 amino 9 acids of B. subtilis SepF. These chimeras were then expressed in E. coli, purified, 170 and visualized by TEM using negative staining. All SepF chimeras were able to form 171 rings, and importantly, the ring diameters of these chimeras corresponded very 172 well to the diameters of the original SepF variants ( Fig. 3A-D) . 173 174
Functional chimeras 175
If it is true that the diameter of SepF rings determines the thickness of septa, then 176 expressing a SepF variant with a smaller diameter in B. subtilis should result in 177 thinner septa. It is unlikely that SepF from other species function in B. subtilis, 178 since the N-and C-termini of SepF, which are much less conserved, are crucial for 179 its activity (5, 13). Therefore, the chimeras provided a unique opportunity to test 180 this, assuming that the core domains are sufficiently conserved so that they can 181 bind B. subtilis FtsZ. To determine whether these chimeras are active in B. subtilis, 182 they were expressed in a ∆sepF strain. B. subtilis is one of the few species that 183 can grow without SepF, although this leads to strongly deformed septa (4). This 184 phenotype can be easily observed using high-resolution SIM microscopy by 185 fluorescently labelling the cell membrane ( Fig. 4A ). Only the S. pneumoniae 186 chimera failed to rescue the ∆sepF phenotype, while the B. cereus, C. perfringens, 187 and M. tuberculosis chimeras were all able to restore normal septum formation in 188 the ∆sepF background ( Fig. 4A ). This was also confirmed by TEM ( Fig. 4B) . 189
The inner ring diameter of the C. perfringens SepF chimera (24 nm) is 190 considerably smaller than B. subtilis SepF (42 nm). When this chimera was 191 expressed in the ∆sepF strain, the septum thickness decreased substantially from 192 43 to 28 nm ( Fig. 4C, D) . A similar decrease in septum thickness was observed, FtsZ polymers bind and align. Since these arcs control the freedom of movement 219 of FtsZ polymers, including the peptidoglycan synthetic apparatus that is linked to 220 the FtsZ polymers ( Fig. 5 ), the diameter of SepF rings will determine the thickness 221 of the septal wall. Many SepF arcs must line the leading edge of the nascent 222 septum to maintain an even thickness. This could be facilitated by the propensity 223 of SepF rings to form stacks (Fig. 1F) . SepF is absent, suggesting that other factors provide some control of FtsZ 231 polymers. FtsA, which also forms polymers, might be such factor. 232
Gram-negative bacteria contain a cell wall that consists of a single-layer of 233 peptidoglycan. The thickness of this layer is regulated by the outer membrane 234 proteins LpoA and LpoB, which reach through the peptidoglycan layer to contact 235 and regulate the cell membrane-anchored peptidoglycan-synthetic enzymes (21). 236
Possibly, this is why Gram-negative bacteria do not need a SepF-like protein for 237 septum thickness control. It should be mentioned that E. coli FtsA has been shown 238 to form ring structures in vitro as well (22). However, the inner diameter of these 239 rings is ~15 nm, which is considerably smaller than the width of septa. 240
Previous structural work has indicated that SepF rings are built of tightly 241 packed dimers. These dimers are formed by two parallel oriented monomers (5), 242 as a consequence all SepF dimers have the same orientation in a ring. However, 243 
Strain construction 262
All strains used in this study are listed in Table S1 , plasmids in Table S2 , and 263 primers in Table S3 . Plasmids for purification of SepF variants were constructed by 264 PCR amplification of sepF from the respective organisms, followed by restriction 265 cloning into the pMalC2 plasmid (31), using the XbaI and SmaI or EcoRI restriction 266 sites. pMalC2-based plasmids for purification of chimera proteins and pAPNC-213-267 kan-based plasmids (32) for integration of sepF variants into the aprE locus in the 268 B. subtilis genome were constructed by Gibson assembly (33). pMalC2-derived 269 purification plasmids were transformed into calcium-competent E. coli BL21 (DE3). Purified B. subtilis SepF was diluted 1:10 in buffer BF and added onto a freshly 314 cleaved highly oriented pyrolytic graphite (HOPG) surface (Agar Scientific) and 315 allowed to settle for 20 min at room temperature prior to imaging in buffer solution 316 (36) . Images were taken with an atomic force microscope from Nanotec 317 Electronica (Tres Cantos) operated in jumping mode at room temperature. 318
Olympus OMCL-RC800PSA rectangular, silicon-nitride cantilevers with a nominal 319 tip radius of 15 nm and a nominal spring constant of 0.05 N/m were used. Images 320 were processed and analyzed with WSxM software (37). 321 322
Fluorescence light microscopy of liposomes 323
Liposomes were prepared from E. coli polar lipid extract (Avanti Polar Lipids) as 324 described previously (6). Liposomes were extruded through 0.2 µm filters. 325
Samples were stained with 1 µg/ml Nile red, spotted on 1.2% agarose films, 326 covered with poly-dopamine-coated cover slips (38), and immediately imaged with 327 a Nikon Eclipse Ti equipped with a CFI Plan Apochromat DM 100x oil objective, an 328
Intensilight HG 130 W lamp, a C11440-22CU Hamamatsu ORCA camera, and NIS 329 elements software. Images were analyzed using ImageJ (National Institutes of 330 Health). 331 332
Structured illumination (SIM) microscopy 333
Liposomes for SIM were prepared from E. coli polar lipid extract (Avanti Polar 334 Lipids) as described previously (6). Liposomes were extruded through 0.8 µm 335
filters to obtain large enough vesicles. 0.25 mg/ml of the respective SepF variants 336 was mixed with 2 mg/ml liposomes in SepF binding buffer. Samples were stained 337 with 0.5 µg/ml mitotracker green, spotted on 1.2% agarose films, covered with 338 poly-dopamine-coated cover slips (38), and immediately imaged with a Nikon 339 Eclipse Ti N-SIM E microscope setup equipped with a CFI SR Apochromat TIRF 340 100x oil objective (NA1.49), a LU-N3-SIM laser unit, an Orca-Flash 4.0 sCMOS 341 camera (Hamamatsu Photonics K.K.), and NIS elements Ar software. SIM 342 microscopy of bacteria was performed by staining cells with 0.5 µg/ml mitotracker 343 green for 1 min, spotted on a thin film of 1.2% agarose (21). 344 345
Transmission electron microscopy of proteins 346
Protein samples were spotted on glow-discharged 200 mesh formvar/carbon-347 coated copper grids (Agar Scientific) and incubated for 1 min at room temperature. 348
Excess liquid was removed with paper tissue and samples were negatively stained 349 by adding 100 µl 2% uranyl acetate drop by drop. Excess staining solution was 350 removed with paper tissue and samples were allowed to air dry. Samples were 351 examined with a JEOL1010 at 60 kV. of SepF variants, where appropriate. It is important not to use more IPTG since 362
SepF overproduction causes membrane deformations that obscure septa (39) . 363
Overnight cultures were grown with appropriate antibiotic concentrations (100 364 µg/ml spectinomycin, 10 µg/ml chloramphenicol, 5 µg/ml kanamycin, 1 µg/ml 365 erythromycin), where necessary. Cells were grown until exponential phase (OD600 366 = 0.4) prior to microscopy. 
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